PWSCC degradation mechanism has been observed in CRDM nozzles, BMI nozzles and other penetration nozzles [1] . In some nuclear power plants built in China earlier, such as DAYABAY nuclear power plant and QINSHAN nuclear power plant, PWSCC degradation mechanism has been found in CRDM nozzle welds which manufactured of Alloy 600 and welded of Alloy 82/182 [2] . The repair of the degraded nozzles is the popular choice for the nuclear power plant owners. After the replacement of the nozzle, the structural integrity analysis of new nozzle and welds should be performed to ensure the pressure boundary compliance with the original design requirement. In this paper, the pressurizer top head nozzle of PWR nuclear power plant is evaluated as a typical pressure vessel penetration nozzle. Stress intensities were conservatively determined for pressure and applicable thermal transients and compared to the allowable values of the ASME Code, Section III. Thermal stress of the transients was obtained from 3D finite element model (FEM). Residual stress of J-groove weld was obtained from 2D FEM analysis and used for fracture mechanics analysis. All of the analysis showed that the repaired nozzle satisfies the ASME Code design requirement and the crack growth of the postulated flaw in 40 years of the nuclear plant life is acceptable.
Pressurizer Top Head Instrument Nozzle and FEM Model
There are some penetration nozzles in the top head and bottom head of reactor pressure vessel and pressurizer. All the penetration nozzles are connected with the pressure vessel head with J-groove weld. In earlier design, these nozzles were manufactured with Alloy 600 and welded with Alloy 82/182. Because of PWSCC degradation, leakage has been found in these nozzle locations. In order to mitigate the damage, the repair work was performed and the damaged nozzle was replaced. The most popular repair method used in the industry is OD pad repair. By using this method, the original Alloy 600 nozzle is cut and removed from the pressure vessel head, and the new Alloy 690 nozzle is installed with a square pad. The replaced nozzle wall, square pad and new welds between the pad and the nozzle are a new pressure boundary. The pressurizer top head nozzle of PWR nuclear power plant is shown in Fig.1 . The top head inside diameter is about 2100mm with the thickness about 80mm mostly, and the nozzle inside diameter is about 25mm with the thickness about 5mm mostly [3] .
(a) before weld repair (b) after weld repair Fig.1 The configuration of pressurizer top head instrument nozzle before and after repair To do the repair, the existing nozzle is cut at about mid-wall of the pressurizer and removed, and a replacement Alloy 690 square OD pad is installed. A replacement nozzle made of Alloy 690 material is attached to the new weld pad with an Alloy 52M J-groove weld. The detailed mechanics evaluation is required to determine the structural integrity of the repaired nozzle. The stress due to internal pressure, thermal transients and welding is required for stress intensity evaluation, postulated crack growth analysis and fracture mechanical analysis.
According to the NB3200 of ASME Code Section III, the stress due to internal pressure and thermal transients are required to calculate in different conditions to obtain stress intensity for several loads combination. The primary stress intensity due to design pressure can be obtained with formula, and the secondary thermal stress intensity due to transients can be obtained with finite element analysis. The 3D FEM model is established as shown in Fig.2 . The residual stress results are used for crack growth analysis and fracture mechanics analysis. 2D axisymmetric FEM model was built to perform the residual stress analysis of the original J-groove weld between pressurizer head and original nozzle. The J-groove weld process and related post weld heat treatment were simulated.
ASME Code Section III Evaluations
The design pressure for the pressurizer is 15.5 MPa and the design temperature is 345℃ [3] . Bounding thermal transients can be achieved from the applicable transient cycles for a 40 years operation period [6] . These bounding transients include plant heatup, plant cooldown, power increase, power decrease and so on. The load combination considered includes design load combination, Service Level A load combination, Service level B load combination, Service level C load Applied Mechanics and Materials Vol. 853combination, Service level D load combination and test load combination according to the requirement of ASME Code. The combinations of the basic loads are defined in Table 1 . The allowable stress intensities for these load combinations are presented in Table 2 . In this Table, Sm is the allowable stress intensity for the material at service temperature, Sy is the yield stress of the material, Su is the ultimate stress of the material. As to design load combination, only primary stresses need to be evaluated. The only applicable primary load is the design pressure of 15.5MPa. As to the different service conditions, a conservative method of combining loads is used for the load combination. The maximum thermal membrane plus bending stress intensity range is conservatively calculated as twice the maximum value from all the bounding thermal transients. According to the requirements listed Table 2 , all the service conditions were evaluated. The results show that all the requirements are satisfied.
Crack Growth Analyses
Fatigue crack growth is determined for potential crack propagation from the original susceptible Alloy 600 J-groove weld butter into the low alloy steel pressurizer top head material. The analysis is performed under the load conditions of bounding thermal transients, weld residual stress and internal pressure. The fatigue crack growth is determined using the methodology of Section XI, Appendix A of the ASME Code, and the stress intensity factor is calculated with linear elastic fracture mechanics. The stress intensity factors are averaged along the crack tip locations of each crack front with the assumption that the shape of the flaw grows in a self-similar manner. The initial flaw depth is set to the interface of Alloy 600 weld butter material with the pressurizer top head material. The configuration of the initial flaw is shown in Fig.3 . Since the postulated flaw is exposed to the pressurizer water environment, the fatigue crack growth law for ferric and low alloy steels in a water environment is used for the pressurizer top head material. The fatigue crack growth analysis is performed for 40 years of operation period. The result shows that the final crack depth is less than one third of the top head thickness at the end of 40 years of operation. In order to determine whether the final crack is acceptable, the elastic-plastic fracture mechanics calculation will be performed.
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Elastic-plastic fracture analyses
It is conservatively assumed that the original Alloy 600 J-groove weld, weld butter and remnant original Alloy 600 nozzle are cracked completely since the material has been found to be susceptible to PWSCC. The elastic-plastic fracture mechanics analysis is used to evaluate the final flaw depth of the postulated crack after propagation to make sure the crack stability. An appropriate approach presented in the Appendix K of ASME Code, Section XI. J-T method is used to calculate the critical crack size. The material J-integral resistance curve can be generated by actual testing of the material. The high pressure case of the normal operating condition with 16 MPa is chosen for the EPFM evaluation. The high safety factor of 3 for primary pressure loads and 1 for secondary thermal and residual loads are used. The data for these two safety factors are used to define the applied J-T line for the postulated initial and final flaw depth ate the J-groove weld location. The J-T applied line is extended from these two data points to intersect the J-T material curve as shown in Fig.4 . Fig.4 Results of J-T evaluation for initial flaw and final flaw For the J-groove weld flaw location, the applied J at the applied safety factors of 3 on primary pressure loads and 1 on secondary thermal and weld residual stress loads is 124 KJ/m 2 at the initial flaw depth , which is below the J-T material curve intersection point of 427 KJ/m 2 . And the applied J is 252 KJ/m 2 at the final flaw depth, which is below 545 KJ/m 2 . So, the pressurizer base material in the top head instrument nozzle region shows sufficient margin to instability.
Conclusions
In order to determine the safety of the repair, ASME Code Section III evaluation, postulated flaw growth evaluation and facture mechanics evaluation are required to perform. Based on the study of the repair of pressurizer top head instrument nozzle, the calculations performed show that:
(1) The replaced nozzle and OD pad are satisfied with the NB3200 of Section III, ASME Code. The thermal stress of bounding transients can be obtained with 3D FEM analysis.
(2) The original Alloy 600 nozzle was cut and removed, but there still is a piece of nozzle near the original J-groove weld connected with top head. Since the original nozzle has through-wall flaw, the flaw is postulated lies in the location between J-groove butter and top head conservatively. The initial flaw and the final flaw are evaluated with EPFM stable analysis. The results show that the two postulated flaw are all stable in the nuclear power plant normal operating bounding condition.
